BACKGROUND-Transfusion-associated circulatory overload is characterized by new respiratory distress and hydrostatic pulmonary edema within 6 hours after blood transfusion, but its risk factors and outcomes are poorly characterized.
existing heart failure and chronic renal failure. These data, if replicated, could be used to construct predictive algorithms for transfusion-associated circulatory overload, and subsequent modifications of transfusion practice might prevent morbidity and mortality associated with this complication.
Keywords
Blood transfusion; Morbidity; Mortality; Pulmonary edema; Risk factors Pulmonary complications of transfusion include transfusion-related acute lung injury, transfusion-associated circulatory overload (also known as TACO), and perhaps other types of acute lung injury. Transfusion-associated lung injury is a rare complication that is the subject of research on the roles of leukocyte antibodies or bioactive molecules in the transfused blood product; 1 transfusion-associated circulatory overload has received less research attention but may account for greater overall morbidity due to its higher frequency. 2, 3 Although there is no consensus definition of transfusion-associated circulatory overload, the Centers for Disease Control and Prevention has proposed diagnostic criteria as part of their biovigilance surveillance program for adverse transfusion outcomes. 4 A diagnosis of transfusion-associated circulatory overload is based upon the occurrence of symptoms and signs of acute pulmonary edema within 6 hours after blood transfusion. 1 Differentiating transfusion-associated circulatory overload and transfusion-associated lung injury can be difficult, the distinction being primarily whether increased hydrostatic pressure versus capillary leak syndrome is responsible for the pulmonary edema. 1, 5, 6 Although transfusion-associated circulatory overload represents the second most common cause of transfusion-related deaths reported to the Food and Drug Administration, and the number of annual deaths is increasing, 7, 8 the incidence of transfusion-associated circulatory overload is poorly defined. 9 In retrospective or prospective cohorts with some degree of active surveillance, the incidence ranges from 1% to 8% of patients transfused. [10] [11] [12] [13] [14] [15] [16] Data derived from surveillance of adverse transfusion outcomes or "biovigilance" tend to give much lower incidence rates, probably due to the predominantly passive nature of reporting in most of these systems. 17 There also is underestimation of the severity of morbidity and mortality associated with transfusion-associated circulatory overload. 8 Beyond the dogma that transfusion-associated circulatory overload is caused by the infusion of too much blood too quickly, risk factors for transfusion-associated circulatory overload are poorly defined. It has been suggested that infusion rate may be more important than total volume of blood transfused. 8, 18 Host factors are probably more important than infusion practice. Patients aged younger than 3 years and older than 60 years are reported to be at increased risk. 5, 14 Women predominate in several case series. 14, 19, 20 A positive fluid balance and chronic renal failure also have been implicated. 14, 19, 20 The role of underlying cardiac disease, although implicitly recognized, has not been well described.
There is a dearth of published research on this important and common clinical problem, and good quantitative studies of patient and procedural risk factors are lacking. In our casecontrol study using active surveillance, we define the risk factors associated with the development of transfusion-associated circulatory overload and also characterize the morbidity and mortality associated with transfusion-associated circulatory overload.
METHODS

Study Design and Subjects
A case-control study of patients with transfusion-associated circulatory overload and transfused controls was conducted in conjunction with a case-control study of transfusionassociated lung injury conducted at the University of California, San Francisco Medical Center (UCSF) and the Mayo Clinic, Rochester, Minnesota. 21 Members of Transfusion Medicine Specialized Center of Clinically Oriented Research (SCCOR) TRALI Study Group are listed in the Appendix. Cases of transfusion-associated circulatory overload were identified by active surveillance using a real-time electronic method that screened arterial blood gas results in patients older than 6 months who received blood transfusion products, as previously described. 22 Trained study nurses screened all alerts for potential cases of pulmonary edema. An expert panel of 3 board-certified critical care physicians adjudicated diagnoses of transfusionassociated lung injury, transfusion-associated circulatory overload, acute lung injury, overlapping transfusion-associated circulatory overload/transfusion-associated lung injury, or other causes. We defined transfusion-associated circulatory overload according to the criteria of the Centers for Disease Control Biovigilance System, 4 namely, pulmonary edema occurring within 6 hours of transfusion and characterized by the new onset or exacerbation of at least 3 symptoms or signs. We excluded as cases patients who were classified into the transfusion-associated circulatory overload/transfusion-associated lung injury category. Surveillance via arterial blood gas results meant that detection was more likely for severe cases of transfusion-associated circulatory overload for which clinicians would order blood gas testing instead of simply treating the patient empirically.
Controls without hypoxemia were selected from among all transfused patients using a stratified sampling scheme (1-2, 3-9, and 10 or more blood products) at the same hospital and during the same time period as enrollment of cases. Only apheresis platelets were used; each was counted as one unit. Because this stratified control sampling procedure oversampled controls with more transfused blood products, all risk factor analyses adjusted for this oversampling. Estimated blood volume was calculated using the Nadler formula. 23 The protocol was approved, including a waiver of consent, by the UCSF and Mayo Clinic institutional review boards.
Statistical Analysis
Analyses of risk factors accounted for the sampling fractions of controls from strata using the SAS Survey Logistic procedure (SAS Institute, Cary, NC). Logistic regression was initially performed with adjustment only for number of units transfused and hospital (UCSF vs Mayo Clinic). A multivariable model of risk factors was then developed by including variables significant in the minimally adjusted analysis as well as other variables deemed physiologically important, with backwards stepwise elimination. Because of the unequal time frames for selection of controls and cases, a sensitivity analysis was performed using the subset of controls enrolled contemporaneous with the cases.
Duration of hospital and intensive care unit (ICU) stays, and survival, were summarized using Kaplan-Meier survival analysis. Lengths of stay were calculated from the episode of pulmonary edema (cases) or from 6 hours following the index transfusion (controls); deaths were excluded from this analysis. Controls with no ICU stay were excluded from analysis of length of ICU stay. Medians were calculated and differences tested by generalized Wilcoxon tests. Proportional hazards models were used to obtain estimated effects of transfusionassociated circulatory overload while controlling for Acute Physiology and Chronic Health Evaluation-II (APACHE-II) score, and to generate Kaplan-Meier curves adjusted to the median overall APACHE-II score. An additional proportional hazards model was developed to estimate the odds ratio for in-hospital mortality for subjects with transfusion-associated circulatory overload. All statistical analyses were performed using SAS software 9.1 (Cary, NC).
RESULTS
A total of 47,783 patients who received blood products were monitored for abnormal arterial blood gas results during the term of the study. Electronic surveillance generated 14,472 hypoxemia alerts on 11,612 patients. Study nurses excluded 13,747 alerts for a variety of reasons, including, for example, no evidence of pulmonary edema, pre-existing pulmonary edema, no chest radiograph performed, or lung transplant. The expert panel reviewed 561 alerts with new or worsening bilateral pulmonary opacities and diagnosed 166 cases of transfusion-associated circulatory overload, 94 cases of transfusion-associated lung injury, 153 cases of acute lung injury or possible transfusion-associated lung injury, 47 cases of transfusion-associated circulatory overload/transfusion-associated lung injury, and 101 cases of miscellaneous causes of bilateral pulmonary opacities such as atelectasis or pleural effusions. Of the 166 cases of transfusion-associated circulatory overload, relevant clinical information was available for the last 83 consecutive cases, from Table 1 shows the characteristics of the transfusion-associated circulatory overload cases and controls. Cases and controls had a similar distribution of number of blood units transfused due to the stratified control sampling procedures that oversampled controls with more blood products. Transfusion-associated circulatory overload cases were more likely to have been enrolled at Mayo Clinic than at UCSF, but controls were evenly distributed between the 2 hospitals. The same imbalance by site was seen in the 83 transfusionassociated circulatory overload cases not included in this analysis. Location within the hospital differed between cases and controls, with cases more likely to be identified in the intensive care unit and operating/recovery room. Only Mayo Clinic is a level I trauma center; both sites included surgical intensive care unit patients, but only 8 trauma patients (4 cases and 4 controls) were included.
Transfusion-associated circulatory overload was positively associated with the number of blood products transfused (odds ratio [OR] 1.23; 95% confidence interval [CI], 1.17-1.30). We next analyzed individual associations between potential risk factors and the occurrence of transfusion-associated circulatory overload, adjusting only for number of blood units transfused and hospital. Female sex was associated with transfusion-associated circulatory overload (OR 2.1; 95% CI, 1.03-4.1). Several cardiac conditions were associated with transfusion-associated circulatory overload, including a history of congestive heart failure (especially New York Heart Association class IV congestive heart failure), a history of coronary artery disease, previous coronary bypass surgery, and atrial fibrillation ( Table 2) . Current therapy with amiodarone and aspirin carried increased odds of transfusionassociated circulatory overload. Several aspects of the patient's current hospital course were informative. Surgery within the previous 48 hours, and specifically cardiac, vascular, or liver surgery, was strongly associated with transfusion-associated circulatory overload. Similarly, mechanical ventilation before the onset of transfusion-associated circulatory overload therapy and ventilator variables indicative of more severe pre-existing pulmonary disease carried higher odds of transfusion-associated circulatory overload. Finally, several variables indicative of the patient's volume status or renal function were associated with transfusion-associated circulatory overload. A history of chronic renal failure or hemodialysis as well as shock (especially hemorrhagic shock) before transfusion was associated with transfusion-associated circulatory overload. Similarly, physiologic measurements indicative of pre-existing volume overload, including lower estimated blood volume, a positive fluid balance, and elevated central venous and pulmonary artery pressures, were all associated with transfusion-associated circulatory overload.
The final multivariable model (Table 3) showed statistically significant associations between transfusion-associated circulatory overload and a diagnosis of chronic renal failure (OR 27.0), a past history of congestive heart failure (OR 6.6), hemorrhagic shock (OR 113 with wide confidence intervals), blood products transfused (OR 1.11 per unit), fluid balance per hour (OR 9.4 per liter), age (inversely; OR 0.78 per 10 years) and hospital (OR 11.2 for Mayo Clinic vs. UCSF). A borderline positive association was seen with "other types of shock" and a borderline inverse association was seen with peripheral blood volume. A sensitivity analysis (data not shown) performed with the 78 controls enrolled during the same time period as the cases yielded overall similar results for most variables, with the exception that the OR for a past history of congestive heart failure decreased to 2.7, the OR for age increased to 0.93 per 10 years, the OR for "other types of shock" decreased to 1.24, and the OR for male sex increased to 2.2.
Among the transfusion-associated circulatory overload cases, there were 14 in-hospital deaths, while there were 7 deaths within the control group (Figure 1) . In multivariable survival analysis, in-hospital mortality was associated significantly with transfusionassociated circulatory overload (hazard ratio [HR] 3.20; 95% CI, 1.23-8.10), APACHE-II score (HR 1.087; 95% CI, 1.015-1.164), and enrollment in the ICU (HR 3.2; 95% CI, 1.29-7.8).
Both ICU and hospital lengths of stay were increased in transfusion-associated circulatory overload cases compared with controls (Figure 2A and B) . These analyses counted length of stay from the time of the development of pulmonary edema (cases) or 6 hours after transfusion (controls) until discharge from the ICU and hospital, respectively. Median ICU length of stay after pulmonary edema was 7.03 days in transfusion-associated circulatory overload cases compared with 2.62 days among controls (P <.0001), and median hospital length of stay after pulmonary edema was 10.5 days in transfusion-associated circulatory overload cases compared with 6.8 days among controls (P <.0001). Increased length of stay in the ICU was significantly associated with transfusion-associated circulatory overload (HR for discharge 0.37; 95% CI, 0.26-0.53), hemorrhagic shock (HR for discharge 0.31; 95% CI, 0.13-0.75) and nonhemorrhagic shock (HR for discharge 0.63; 95% CI, 0.43-0.94), and Mayo Clinic (UCSF HR for discharge 1.89; 95% CI, 1.24-2.90). Increased hospital length of stay was significantly associated with transfusion-associated circulatory overload (HR for discharge 0.64; 95% CI, 0.48-0.86), with none of the other examined factors being statistically significant.
DISCUSSION
Our results show that the recent clinical management of the patient, including number of blood products transfused and positive fluid balance, was positively associated with transfusion-associated circulatory overload. Associations with patient-related factors, including pre-existing congestive heart failure and chronic kidney disease, also are consistent with clinical experience with transfusion-associated circulatory overload. Importantly, we also provide data supporting increased morbidity, as measured by length of stay in the ICU and hospital, and increased mortality in patients with transfusion-associated circulatory overload.
Our findings about the number of blood products transfused and positive fluid balance are consistent with both the experience of physicians and with recent literature on transfusionassociated circulatory overload. These findings are physiologically plausible, in that both blood product transfusion and infusion of other fluids increase intravascular volume and cardiac filling pressures, leading to pulmonary edema in patients with limited cardiovascular reserve. In fact, the very definition of transfusion-associated circulatory overload includes a requirement for recent blood transfusion. A recent study reported that transfusion dose and infusion rate were associated with transfusion-associated circulatory overload. 24 Unfortunately, data on infusion rates were not available in the current study.
In our study, patients with pre-existing congestive heart failure or chronic kidney disease were more likely to develop transfusion-associated circulatory overload. These strong independent associations are biologically plausible. Patients with cardiac dysfunction may not tolerate the increased preload associated with transfusion and would be more likely to experience hydrostatic pulmonary edema. Patients with renal failure would be unable to mount an appropriate diuresis in the face of increased blood volume and would be more susceptible to hydrostatic pulmonary edema even with relatively preserved cardiac function. In addition, uremia may increase capillary permeability, thus rendering the patient more susceptible to fluid extravasation in response to a given hydrostatic pressure. 25 We find it harder to explain a couple of other findings from the final model. The inverse association of transfusion-associated circulatory overload with age was unexpected, especially because our transfusion-associated circulatory overload cases were often elderly and female. Perhaps physicians are more conservative in their transfusion practice with the oldest patients, younger patients had more severe comorbidity, or the finding is due to chance. Because few pediatric patients were included in the study, the results should not be extrapolated to children, and further studies in that population are warranted. The association of transfusion-associated circulatory overload with Mayo Clinic probably reflects a different case mix between the 2 hospitals, such as a higher proportion of cardiac disease patients at Mayo Clinic.
In our minimally adjusted analyses, several variables associated with mechanical ventilation were associated with increased risk of transfusion-associated circulatory overload, but these associations did not persist in the final multivariable model. Mechanical ventilation may alter pulmonary hemodynamics or increase intrathoracic pressure and render pulmonary capillaries more permeable in the setting of increased hydrostatic pressures. It is interesting that mechanical ventilation also has been associated with transfusion-associated lung injury and acute lung injury, 21, 26 supporting the hypothesis that lung damage predisposes to transfusion-associated circulatory overload. On the other hand, the fact that the association did not persist after controlling for confounding variables suggests that mechanical ventilation may simply be a surrogate for more seriously ill patients with less cardiopulmonary reserve who may be predisposed to pulmonary edema.
Similarly, surgery within the previous 48 hours, notably cardiac or liver surgery, was associated with transfusion-associated circulatory overload in the minimally adjusted analysis, but had little association in the final model controlling for congestive heart failure, renal failure, and other variables in the multivariable model. Intraoperative or postoperative fluid management also could have produced a positive fluid balance and increased risk for pulmonary edema. Alternatively, postoperative patients may have dilutional anemia with a normal fluid volume, which may be misinterpreted as hemorrhage. Although based upon few patients, our finding that hemodynamic shock was associated with transfusionassociated circulatory overload also is intriguing, and may be related to increased pulmonary capillary permeability following hypotension.
We found increased in-hospital mortality following an episode of transfusion-associated circulatory overload, as well as prolonged ICU and hospital length of stay after pulmonary edema for patients who developed transfusion-associated circulatory overload compared with controls. Li et al 3 found increased mortality following both transfusion-associated lung injury and transfusion-associated circulatory overload, although only the former association was statistically significant. Another study with a very small number of cases also suggested that patients with transfusion-associated circulatory overload had increased mortality and morbidity. 15 Hebert et al 27 found similar survival but higher risk of pulmonary edema in patients transfused with a liberal versus restrictive transfusion strategy. Transfusionassociated circulatory overload also is one of the most common causes of transfusionassociated deaths reported to the Food and Drug Administration. Among patients who survived, the increased ICU and hospital length of stay carry substantial increased morbidity and health care cost implications, and argue strongly for better predictive and prevention measures for transfusion-associated circulatory overload.
Strengths of the study include its patient population composed of both medical and surgical inpatients with and without intensive care. The use of an electronic surveillance system to identify all transfused patients with abnormal arterial blood gas measurements allowed a broader spectrum of transfusion-associated circulatory overload cases to be enrolled. 14, 20 Finally, our study also was able to perform a limited analysis of clinical outcomes of transfusion-associated circulatory overload, including length of stay and mortality, controlling for comorbidity by the calculation of APACHE-II scores. 3, 14, 20 Several limitations of the study, some of which derive from its origins within the earlier transfusion-associated lung injury study, 21 should be noted. First, we adjusted for relevant confounders in our analyses, but residual confounding could exist. Second, relevant clinical information for transfusion-associated circulatory overload, such as blood product infusion rates and diuretic use, were not obtained as they were deemed less relevant for the transfusion-associated lung injury study. Third, the parent study did not collect extended clinical information on the first half of the 166 cases of transfusion-associated circulatory overload identified, so our comparison of the last half of the transfusion-associated circulatory overload cases to noncontemporaneous controls could have created bias. However, a sensitivity analysis using only contemporaneous controls showed generally similar results. Finally, by virtue of its surveillance system, our study only captured more severe cases of transfusion-associated circulatory overload for which a clinician found respiratory distress significant enough to obtain an arterial blood gas.
What are the clinical implications of this study? Treatment of transfusion-associated circulatory overload is familiar to most medical interns, and includes elevation of the head of the bed, administration of oxygen, intravenous diuretics, and the use of nitrates or other vasodilators. 18 Although most patients recover with appropriate treatment, in-hospital mortality may be increased 3, 17, 20 and duration of ICU and hospital stays are prolonged. 3, 14 In this study, patients with pre-existing congestive heart failure and chronic renal failure, and who received more blood products or had a positive fluid balance, were at increased risk of transfusion-associated circulatory overload. Physicians should consider reduction in transfusion dose and infusion rate in such patients and should monitor them closely for the development of transfusion-associated circulatory overload post-transfusion, consistent with recent evidence that conservative fluid management improves survival in patients with acute renal failure. 28 These findings, if replicated by others, also lend themselves to the creation of a predictive algorithm for the risk of development of transfusion-associated circulatory overload. Patients deemed at high risk by such an algorithm could be treated preventively with slower blood product infusion rates or prophylactic diuretic therapy. The algorithm also could identify patients at high risk of transfusion-associated circulatory overload for inclusion of clinical trials of novel preventive strategies. However if transfusion-associated circulatory overload is simply a marker for patients with more advanced cardiovascular disease, its mitigation might not prevent mortality nor reduce ICU and hospital length of stay.
In conclusion, this case-control study has identified several clinical management and patient-specific risk factors for transfusion-associated circulatory overload. The study confirms that transfusion-associated circulatory overload is associated with both increased mortality and substantially increased ICU and hospital lengths of stay, with attendant increased costs. Future studies should include more patients with transfusion-associated circulatory overload, include better measures of comorbidity, and assess both in-hospital and longer-term mortality.
CLINICAL SIGNIFICANCE
• Pulmonary edema following blood transfusion is a frequently encountered and potentially avoidable clinical complication that has received relatively little rigorous research.
• The current study implicates several patient-and practice-specific risk factors that could form the basis for predictive algorithms that would allow modification of transfusion practice in susceptible patients.
• It also documents the substantial cost in patient mortality and prolonged intensive care unit and hospital lengths of stay associated with this complication. In-hospital mortality among transfusion-associated circulatory overload cases (dotted line) compared with transfused controls without pulmonary edema (solid line). Length of stay in the (A) intensive care unit (ICU) and (B) hospital, in days, for transfusionassociated circulatory overload (TACO) cases (dotted line) and transfused controls without pulmonary edema (solid line). These analyses counted length of stay from the time of the development of pulmonary edema (transfusion-associated circulatory overload) or 6 hours after transfusion (controls) until discharge from the ICU and hospital, respectively. Counts (n) are given for binary variables and means for numeric variables, with units as indicated. Odds ratios (ORs) and 95% confidence intervals (CI) adjusted only for center and transfusion intensity.
* Before onset of edema. † Before transfusion. ‡ Nadler formula.
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